A low/negative magnetic shear profile is maintained in the Joint European Torus in a plasma target with plasma current of 2.4 MA using 2.2 MW of lower hybrid ͑LH͒ power combined with neutral beam injection and ion cyclotron radiofrequency heating. In this scenario, an internal transport barrier ͑ITB͒ with time duration up to about 4 s is produced. The fraction of LH driven current is about 25% the total plasma current. During LH power application, the layer with reversed shear q-profile can be maintained in a suitable radial position to inhibit the onset of turbulence, which might otherwise drive the ITB to collapse. LH power could be used as a tool to drive moderate amounts of noninductive off-axis current and sustain high performance ITBs at high plasma current. Internal transport barriers ͑ITBs͒ are produced in many tokamaks as a result of auxiliary heating power injection in conditions of reversed shear q profile.
Internal transport barriers ͑ITBs͒ are produced in many tokamaks as a result of auxiliary heating power injection in conditions of reversed shear q profile.
1,2 Low/negative magnetic shear and strong sheared plasma flow reduce anomalous thermal diffusivity, 3, 4 and can stabilize turbulence allowing ITBs formation. The EϫB sheared plasma flow can be produced, for instance, by neutral beam injection ͑NBI͒ or ion cyclotron radio-frequency heating ͑ICRH͒. 3 The required magnetic shear can be achieved and controlled using suitable plasma current ramp-up schemes, possibly supplemented with noninductive current drive. The lower hybrid current drive ͑LHCD͒ can provide a powerful tool for achieving this latter goal. 5 ITBs are produced in the Joint European Torus ͑JET͒ utilizing NBI and ICRH as the main heating power sources early in the discharge, before the plasma current has fully penetrated. The application of the lower hybrid ͑LH͒ in the preheating phase ͑i.e., before the main heating phase and during the plasma current ramp up͒ allows ITB to be produced with improved performance. 6 The use of these techniques leads to a central safety factor greater than unity with a reversed shear q-profile in the plasma core, when the main heating is applied. 7 Usually, the ITBs exhibit a transient character that was attributed to the evolution of the q-profile while the existence of q rational surfaces in the plasma cross section affect the triggering and performance of ITBs. 2, 8 In the present Letter, the effects of the application of LH power ͑2.2 MW͒ during the main heating phase of a plasma with ITB and an edge H-mode 9,10 are discussed. In this configuration the plasma is operated at a total current I P ϭ2.4 MA, a confinement magnetic field of 3.4 T, and a line averaged density of about 2.7ϫ10 19 m Ϫ3 . The LH power injection is started during the preheating phase ͑L-mode edge plasma target͒. Care is spent for reducing the plasma edge interactions in the considered experiments. The position of the separatrix strike-point is controlled by feedback to avoid contact with the central part of the divertor. 11 In addition, a large plasma-outer wall distance is maintained, corresponding to a radial outer gap (ROG)Ϸ6 cm ͑at the main heating phase beginning time͒. Such operating conditions are expected to be useful to enhance the effects of LH power in sustaining ITBs. This is based on the results obtained in previous experiments aimed at optimizing the LH power coupling during the main heating phase. In these experiments, signatures of ITB formation were observed during the main heating phase only operating with large enough ROG ͑Ͼ2.5 cm͒. 12 Conversely, operating with smaller ROG ͑Ϸ2 cm͒, no ITB formation, a higher D␣ emission from neutrals in the vessel and a reduced toroidal rotation at the edge are observed. A higher density of neutrals at the edge is expected to occur operating with small plasma-wall distance. The phenomenology observed in these cases could be correlated with the observed high neutral flux and its effect on the reduction of the plasma rotation and the modification of the radial elec-tric field profile. As a consequence, the particle and heat transport might increase thus inhibiting the ITB formation. 13 In the present Letter we consider only experiments performed in similar conditions of plasma-edge interactions. Therefore, the role of the magnetic shear produced by LHCD can be properly ascertained. Two shots are considered ͑#53429 and #53432͒ with same plasma parameters, but with different ICRH and LH power coupled during the main heating phase. During this phase, in shot 53429, a 2.2 MW of LH power was coupled. Conversely, in shot 53432 the LH power was replaced by a 2.5 MW of ICRH. The main plasma parameters and additional heating power time traces of these two discharges are compared in Fig. 1 . In shot 53432, an increase of the central ion and electron temperatures is observed in the time range from 45.4 s to 46.8 s. In shot 53429 the central temperatures show a prompt increase at the LH power switch-on time, during the main heating phase. Such increase is maintained for longer time duration ͑from 45.8 s to 49.6 s͒. In both shots, the temperature rise is accompanied by a peaking of the temperature profiles, which suggests the formation of an ITB. In shot 53429 the ITB is present for a time window of 3.7 s ͑from tϭ45.8 s to tϭ49.5 s͒. The ITB collapse is accompanied by an increased plasma-edge interaction, which produces an increase in the D␣ emission is observed and the loss of the LH antenna power coupling. Conversely, in shot 53432 the ITB duration appears to be only of 1.2 s ͑from tϭ45.3 s to tϭ46.5 s͒. No change of plasma edge activity is observed in concomitance with the ITB collapse. An indication of some density profile peaking (n e0 /͗n e ͘Ϸ20%) is also present during the ITB phase, in both shots.
Further analysis of the results, presented in the following section, shows that the effect of the LHCD on the magnetic shear might have helped sustaining the ITB in the shot 53429. The transport analysis of the shots shown in Fig. 1 is performed using the JETTO code.
14 Inputs to the code are the measured profiles of temperature, density, radiation, effective ion charge, rf, and NBI power deposition and current density. The magnetic reconstructed equilibrium is calculated in the JETTO code. The initial equilibrium solution in the early phase of the discharge is provided by the EFIT code. 14 In addition, the LH current density and power deposition profiles are calculated by a two-dimensional relativistic Fokker-Planck code. 15 The wave propagation is modeled by ray-tracing performed in toroidal geometry, 16 taking into account the magnetic reconstructed equilibria. The code utilizes a two-dimensional approach that is necessary for a cor- ͒ of shot 53429 ͑with LH power coupled during the main heating phase͒, at several times: tϭ45.7 s ͑red͒, tϭ46.0 s ͑blue͒, tϭ47.0 s ͑green͒. Effective diffusivity at tϭ49.0 s ͑black͒. At this time, the neoclassical diffusivity has a similar trend as at tϭ47 s ͑green͒. ͑b͒ Simulated profile of the magnetic shear for shot 53429, at several times during the LH power coupling in the main heating phase: tϭ46 s ͑continu-ous line͒, tϭ48.1 s ͑dashed͒, tϭ49 s ͑dotted-dashed͒.
rect determination of the electron distribution function. 17 The launched LHCD spectrum has a refractive index parallel to the toroidal magnetic field (n ʈ ) peaked at n ʈ ϭ1.84 ͑the width of the spectrum is ␦n ʈ ϭ0.46͒. As a result, most of the power is deposited off-axis in many passes within the layer Ϸ0.4-0.7 ͑ is the square root of the normalized toroidal flux͒. The LH current drive efficiency is about 0.18 ϫ10 20 (A m Ϫ2 W Ϫ1 ) for 2 MW of LH injected power. The calculated fraction of LH driven current is I LHCD /I P Ϸ0.25, while the noninductive current fraction is (I LHCD ϩI boot ϩI NBI )/I P Ϸ0.65.
The loop voltage simulated by the JETTO code fairly reproduce the measured loop voltage. In addition, the JETTO simulated q-profile is in agreement with the q-profile obtained by equilibrium reconstruction conditioned to the motional Stark effect ͑MSE͒ diagnostic data ͑measurements are available at a time tϷ44.4 s, before the LHCD is switchedon, during the main heating phase͒. It is worth noting that the JETTO q-profiles were found in reasonable agreement with the MSE measurements, also in experiments where a combination of LHCD, ICRH, and Ohmic power injection was used, but only in the early phase of the discharge ͑preheating phase͒. 18 The profiles of the effective ion thermal diffusivity for discharge 53429 are compared at different times of the main heating phase in Fig. 2͑a͒ . A reduction of the ion thermal diffusivity occurs in the outer half of plasma producing a large ITB at Ϸ0.75. Evidence for this can be found by comparing the profiles at tϭ45.7 s, just before the LH power is switched-on, and during the LHCD injection phase (t у46.0 s). The ITB is sustained up to the last analyzed time point (tϭ49 s). The neoclassical contribution to the ion thermal diffusivity in the core region (р0.3) ͑shown for comparison in the figure͒ is of the same order of the effective ion thermal diffusivity. Conversely, it becomes negligible in the outward region (у0.4), where the anomalous transport becomes dominant ͑see also Ref. 19͒.
The q-profile of discharge 53429 simulated by the JETTO code shows a reversed shape during the main heating phase, also when the uncertainties of the experimental inputted data are considered. The simulated magnetic shear profile at several times during the main heating phase are shown in Fig. 2͑b͒ . After the time when the LH power is switched-on, the sϭ0 layer of the magnetic shear profile moves outward and persists in the region Ͼ0.3. As the anomalous transport is dominant in such a region, the low/negative magnetic shear could inhibit the growth of turbulent modes that produces the ITB collapse. No change of the q-profile is expected at the time of the ITB collapse observed in the experiment. However, the ITB collapse might be related to edge physics, as it occurs in concomitance of an increase of the D␣ emission.
The ion thermal diffusivity profile of discharge 53432 is shown at several time frames in Fig. 3͑a͒ . In this case, there is no LH power coupled during the main heating phase. The ITB is observed by comparing the profiles at the tϭ45 s and at tϭ46 s. The ion thermal diffusivity reduction occurs in a region more internal than in shot 53429 ͑at Ϸ0.25-0.45͒. In this case, the ITB is formed at a radial position located slightly inward if compared to discharge 53429. The ITB collapses after about 1 s ͑at tϷ47 s͒. It is worth noting that at the time of the ITB collapse the q-profile is still reversed. The analysis results suggest that the collapse can be produced by an inward movement of the sϭ0 layer (Ͻ0.3); see Fig. 3͑b͒ . In this region, the ion thermal diffusivity approaches neoclassical values. As a consequence, the reversed magnetic shear no more plays an efficient role in inhibiting the onset of turbulence. The q min layer remains inside the range between 2 and 3 up to the last analyzed time point.
In conclusion, continuing the coupling of LH power during the main heating phase larger ITBs with longer time duration are obtained, than in the case with LH power coupled only during the plasma current ramp-up. Increased recycling seems to be detrimental to the ITB performance. Operating with moderate plasma-wall interaction produces a low recycling plasma target, which is suitable for studying the effect of LH power in sustaining ITBs during the main heating phase. The LH driven current profiles, calculated by ray-tracing modeling are consistent with reverse shaped q-profiles, which are maintained throughout the LH pulse. The q-profile is affected by LHCD, despite the fact that only 25% the total plasma current is driven by the LH power. ͒ for shot 53432. Several times are considered: tϭ45 s ͑red curves͒, tϭ46 s ͑blue͒, tϭ47 s ͑green͒. ͑b͒ Simulated profile of the magnetic shear for shot 53432, at the time of the ITB formation ͑t ϭ46 s, dashed͒ and at the collapse ͑tϭ47 s, dotted͒.
During the ITB phase, the layer with low/negative magnetic shear remains localized off-axis (Ͼ0.3). In this region, where the anomalous transport is dominant, the low/negative magnetic shear might inhibit the onset of turbulence thus avoiding the ITB collapse. The ITB is sustained by LHCD for about 10 times the energy confinement time ͑Ϸ0.3 s͒. Conversely, in similar plasma target with no LH power coupled during the main heating phase, the ITB collapses even if the q-profile is still shear-reversed at that time. The ITB disappears when the sϭ0 layer is moved inwards, in a region where the transport becomes neoclassic. In such condition, the low/negative magnetic shear might be ineffective at sustaining the ITB.
ITB experiments have been carried out in JET while operating in conditions of full current drive on a target with low plasma current (I P Ϸ1.8 MA). 20 The present result is far more important for its potential application to the advanced tokamak regimes requiring high plasma current. The current driven by LH mainly off-axis might not effect the alpha particle confinement in the main and hybrid fusion scenarios of ITER, which do not require the full current drive operation. 21 
